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1. INTRODUCTION

Symbiotic systems are long period binaries int which a white dwarf usually accretes
material from the wind of a red giant companiori. Accretion inthesc systems, however,
might also occur when a very cvolved red giant overflows its Roch lobe. In this case
the stream of mat ter flows beyonid the first Lagrangian point and forms an accret ion disc
around the accreting white dwarf. In the symbiotic systems AX Per and CI Cyg, the
accreting secondary is yet a solar-type main-sequence star rather than a hot white dwarf
(Kenyon ct al. 1991; Mikolajewska & Kenyon 1992).

In CI Cyg, Kenyon et al. (1 991) derive a hot coinponent temperature of 125 x 103K.
They estimate R, = 0.2- 0.4y and M.~ 0.5Mg for the accrecting star, with M =

1 --3 x 107° Mg, /y during quiescence and M up to 107* Mg /y during outburst. For AX
Per, Mikolajewska & Kenyon (1 992) find T~ 125- 145 x10*J for the hot comporcent

while R, = 0.3Rg and M, =~ 0.4Mg. They estimate M = 1.5- 3 x 107°Mg/y during

quicscence and M =~ 4 x 104 Mg /y during outburst. The radius It, and mass M, estimates
arc based on the investigation of Kenyon et al. (1 991), who avoid to treat the complex
proper ties of the boundary layers by assuming that it can be approximated as a thin ring
with a radial thickness éR/R~ v,/vi (Kenyon & Hartmann 1990, v, and vk arc the
sound and the Keplerian velocity respectively). In this picture, the energy dissipated in
the dynamical boundary layer (of radial extend 43, ) is emitted from a larger region (the
thermal boundary layer) of extend R~ Hpy, > ép1. (Hpy,, the disc thickness in the inner
region of the disc, Pringle 19'77). As M increases from 10°1P to few 107 My/y, the
vertical thickness of the disc is belicved to incrcase from 0.01 - 0.05R, up to 0-3 R,, and
therefore the boundary layer is believed to cool (K enyon et al. 1991).

In both systems the optical luminosity (which originates from the disc) incrcases from
~ 102Lg (during quicscence) up to = 10'Lg (at maximum outburst). However, the
Hell emission lines present during quiescence (originating from the “ hot component” - the
boundary layer) arc not observed at maximum, which mecans that the cffective temperature
in thie boundary layer probably falls below 60, 000K. In addition, the lack of emission lines

with moderate ionization potentials indicates that it can beas low as 10,000 — 20,0001<
at maximum.

Recent one-dimensional boundary layer calculations (1 2ophain et al. 1993; Liourc &
Le Contel 1994; Popham & Narayan 1995; Godon1995&,1);(;0(10“,ch(:v&Shaviv 1995)
have shown indeed that the energy dissipated inthe dynamical boundary layer (region of
nigh shear, due to the gradient of the angular velocity) is emitted from a much wider region
(the thermal boundary layer), therefore leading to rather cool 1)oundary layers (see also
section 2). Inthese calculations the ter-in for the radial diflusion of energy in the disc is
esscential to reproduce the results: the encergy dissipated in the dynamical boundary layer is
radiated radial] y outward, However, all the above numerical calculations were carried out
for accretion discs around white dwarfs (Pophmn&Naraya,u1995; Godon 1995a; Godon
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ct al. 1995) and around pre-main sequence stars (Popham et al.1 993; Lioure & Le Contel
1994; Godon 1995b). So far, no boundary layer calculations have been performed around
main-scquence stars with 2 ().2 — 0.4, M, =~ 0.5Mg and M~ 10° - 4 x 107 Mg /y.

The pm-pose of the present work is to provide, for the fir st time, boundary layer
calculations for symbiotic stars, and to answer the question whether boundary layer models
can cxplain the observed behaviour of the hot component in out bursts of symbiotic stars.

in section 2 the numerical modeling of the boundary layer region is rcviewed. The

numerical results for AX Per and CI Cyg are presented in scetion 3 and discussed in section
4,

2. MODELING ACCRETION DISCS BOUNDARY LAYERS

2.1 Equations and assumptions

T'he equations arc written and solved in cylindrical coordinates (r,+, z). Axisymmetry
is assumed around the z-axis, and the equations ai¢ vertically integrated. The remaining
cquations arc, therefore, one dimensional (in 7). T ey include the gravity of the acereting
st ar, viscosity and radiative transfer treated in t] ¢ diffusion approximation. Radiation
pressure is further taken into account in the equation of state. The medium is assumed
to bc optically thick. The exact form of the equations and the physical assumptions have
been widely described in Godon (1995a,b), and Godon et al. (1995). Thercfore, only a

brief description of the assumptions arc given here. Yor morc details the reader is referred
to the above references.

At the inner boundary of the computational domain, theaccreting star rotates at
constant angular velocity (€2, = 0.1 Qx (R, )) and a constant inflow of matter (Al) flows
into the stellar surface. A non-flux (d7'/dr == O) condition is also imposcd at this boundary.
At the outer boundary a gecometrically thin Keplerian disc is assumed.

The method used in this work is a time-dependent method. The initial conditions arc
the supcerposition of an isothermal atmosphere a1id an inflowing disc of matter.

The viscosity prescription used here is bascd onn the approach developed by Godon
(1 995¢), and is similar to the one used in Godon (1995b).  The value of the viscosity
parameter is o~ 0.1 (inorc precisely 0.05 < o < 0.15). This ensures solutions with a
distinct thermal boundary layer and subsonic radial infall velocities (see also scc. 2.3, and
Godon 1 Mm).

2.2 The numnecrical method
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The spatial dependence of the equations is treated with the usc of a Chebyshev spectral
method (Gottlich & Orszag 1977; Voigt, Gottlicb & Hussaini 1 984; Canutto et al. 1988),
while the time dependence of the cquatious is solved with animplicit Crank-Nicholson
schicme for the energy equation and an explicit second order 1 {unige-Kut t a method for the
remaining cquations. A time dependent Chebyshev pseudospectral method of collocation
has been developed recently to treat astrophysical flows (Godon & Shaviv 1993), and has
been applied to one-dimensional accretion disc boundary layers (Godon 1995a & b, Godon
ct al. 1995) and two-dimensional rotating envelops of stars (Godon & Shaviv 1995). All
the details of the numerical method can be found 111 the references above. 1nthe present
calculations 64 grid points (the collocation points) are chosen to ensure good resolution
and stability of the numerical scheme.

2.3 Boundary layers modcling

Accretion disc boundary layers have been modeled using the above time dependent
method to treat boundary layers around white dwarfs (in Cataclysiic Variable systems,
Godon 1995a; Godon ct al. 1995) and pre-main sequence stars (1-Tauri and FU Orionis
stars, Godon 1995 b). In these calculations the cnergy dissipated in the dynamical boundary
layer (region over which the angular velocity it the inner part of the disc decreases from its
Keplerian value to adjust to the slowly rotating stellar surface) is radiated radially outward
and heats up a much wider region (the t herinal bou udary layer, region over which the
temperature is significantly larger than the disc teinperature). The boundary layer encrgy
is therefore cinitted from a rat her broad region, and the temperature is consequentl y rather
low.

Around white dwarfs the dynamical boundary layer, obtained in the above calcula-

tions, has a width 85" ~ 1073 R,, a thermal boundary layer widthé%* ~ 0.1 R* and an

cffective temperature Ty ~10°IK, for a mass accretion rate M=m~1079 Mg /y. For pre-

ain sequerice stars the picture is completely different. One obtains 5‘11;’[1' ~ 0.1 — 0.5R,,

SHh &~ 0.3- 1%, Ty, ~ 7000-- 12000, for M =5 x 10" up to 10--4M~)ly. For ac-
cretion around main sequence stars (symbiotic stars with M~ 1-- 10 x 1075 M, /y) one
expects boundary layers widths similar to the case of pre-main sequence stars but with
temperature similar to the white dwarf case (Mikolajewska 1995).

However, one must take into consideration that some of the physical assumnptions,
which are still a subject of debates, can affect the numerical results (for example the
viscosity paramcter o). Thercfore, we justify below insome details the assumptions inade
in the present work.

- An inner boundary condition is nceded on one of the thermodynamic variables (the
deunsity, the pressure, the cnergy or the temperature). The boundary condition is generally
imposed on the temperature or on the radial flux of energy ¥, = o' eff (where T,y 5 5 is the

H——
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effective temperature of the star). The temperature boundary condition leads to solutions
in which the boundary layer pours cnergy into the star, while the flux boundary condition
leads to solutions in which the star pours energy into the boundary layer. The temperature
condition is difficult to treat numerically, since it can lead to a large temperature gradient
near the stellar surface. The flux boundary condition leads to higher boundary layer
temperatures than the temperature condition. This is especially true for low mass accretion
rate systems (like in T'Tauri, Regev & Bertout 1995, Godon et al. 1995, and Godon 1995b).
Fortunately, at higher accretion rates, the results do not depend on the boundary condition
(Godon 1995hb). Thercfore, we decide to impose a non-flux condition dT/dr = O at the
inner boundary, which has the advant age of being; ea sy to treat numerically. For the mass
accretion rates considered in the present work, the three different boundary conditions
(flux, temperaturc and non-flux) lead to practically the samne results.

The value of the alpha viscosity paramcter, as well, can significantly affect the
solutions. When a low value of « is assumed(/ 10-~- 10--3), a much larger density is
nceded to reproduce a given mass accretion rate in comparison to the case where o 0.1 — 1.
Furtherimore, the density affects the opacity law, the diffusion and advection of energy. In
pre-main sequence accretion discs this effect is dominant: when o < Qeritic = few 107,
the solutions exhibit no distinct the thermal boundary layers, and the maximum effective
temperature is rather low (Godon 1995b). In fact, a very low « has been justified only in
FU Orionis discs, to reproduce the outburst time scales («=-107% — 10%). On the other
hand, a large o (= 1) leads to supersonic radial infall velocities, in contradiction with the
causality form alism developed by Popham & N arayan 1992. Con sequentl y, we chose an
intermediate value for the viscosity paramecter e 72 0.1. Solutions obtained with o= 0.1
have subsonic radial infall velocities and higher boundary layer temperatures.

In all the boundary layers calculations wc performed previously, as wcllas in the
present calculations, there arc mainly three characteristic time scales involved in the evo-
lution of the models: the dynamic time 742 2w /€2, the viscous time T, = R, /v,, and the
time scale over whicha perturbation propagates in the inner part of the disc 7, = R, /c,
(in the present calculations 7, < 7d < 7, ). As the 1models evolve from the initial conditions,
strong perturbations appear and then decay on a time \/f;, Ty . At this stage, most of the
variables arc already closc to their steady state values, however the decreasing luminosity is
still much larger than 1.4 ¢.. l.arge amplitude oscillations (local variation of M) propagates
between the boundaries. After a time 7, & /7,74 the luminosity of the model approaches
Lacc/2, while all the other variables (including the temperature) do not change appreciably
(few percent at most), and the amplitude of the oscillations have deercased by about 50
percent (sce Godon 19954 & b, for more details). All the models in this work have been
followed on a time scale 7, to ensure that the results arc closc to their steady state value.

3.1107T 1301JN1)AR% L AYERS AROUND AX PER ANI) CICYG

In this section we present the results of scveral models of accretion disc boundary
layers around main scquence stars corresponding to the symbiotic binaries AX Per and CI



Cyg. The results arc suminarized in ‘1'able 1. In columnn 1 the names of the nodels are
listed. The input paramncter of the models arce the radius of the accreting star (column 3),
the mass of the acereting star (column 2), and the mass accretion rate (coluinn 4). The
important output paramcters arc the thickness of the inner part of the disc (column 5), the
width of the thermal boundary layer (columnn 6), the width of the dynamic boundary layer
(column 7), and the maximum cflcctive temperaturce in the therinal boundary layer region
(coluinn 8). The models arc grouped in three sets. In the first set (inodels 1,5,31, and 2)
the mass of the star is kept constant while the radius varies from 0.2 to 0.4 solar radius
(for a mass accretion r-ate of a fcw 107 solar mass pcr year). In the second set (models
3,31,2,22,23,24, and 4) the radius and the mass of the accreting star arc kept constant
while the mass accretion rate is increased from 1 x 10°to 3 x 10--4 solar mass pcr year.
In the last set (models 5,6,7, and 8) the stellar radius is kept constant while the mass of
t he star varies for different mass accret ion rates.

A look at the table (first and last sets) immediately shows that temperatures of T' >
10° K arc rcached only for M, ==0.5Mg and R,=0.2Rs.

The seven models of the second sets (inodels 3,31 ,2,22,23,7.4, and 4 in table 1) arc
drawnin figure 1. This graphs shows the dependerice of the maximun effective temnper-
aturc as a function of the mass accretion rate for M, = 0.5M and 2, == 0.2Rg. The
maximuin cffective temperat urc (in the boundary 1 aycr region) incrcases with increasing
mass accretion rates. It reaches a maximum of 136 x 10°K for M =7 x 1075 Mg /y, then
it stays ncarly constant (7'~ 1.3 x 10°J{) as the mass accrction rate cxceeds 10--4 solar
mass per year. In figures 2a-¢ we show the teiperature profile, the vertical thickness, and
the angular rotation rate for model 3. The same paramecters arc shown in figure 3a- ¢ for
model 22, when the temperature reaches its maximum. It inust be stressed that the radial
scale is not the same in figures 2 and figures 3. As the mass accretion rate incrcascs and
the temperaturc reaches a maximum, the thickness of the disc increascs from ~ 0.1 up

to ~ 0.35 I%,, and both tlic thermal and dynamical houndary layers incrcase by about the
same factor.

4. D 1ISCUSSION AND CONCILUSION

The symbiotic binarics AX Per and CI Cyg have scveral observational characteristics
in common. They arc both transferring material at a fcw x 10--s~4~ /y into an accretion
disc around a main-sequence stars of mass M, =~ 0.4 — 0.5A1,and radius 0.2-- 0.4Rg. The
optical luminosity increases by two orders of magnitude froin quicscence to outburst, while
the H el 1 emission lines present during quiescence arc not observed during outburst. This
indicates that the effective temperature of the not component drops from 7' ~ 10° K in

quicscence to T' < 60, 000K during outburst (Kenyon et al. 1991; Kenyon & Mikotajewska
1992).

In the present calculations wc found out that the boundary layer canrcach a, tem-
perature above 10° I | assuming for the accreting star a mass M, == 0.5 Mg and a radius



8

R, = 0.217... These valucs arcin fairly good agrcement with the first estimates of Kenyon
ctal. (1 991) and Kenyon & Mikolajewska (1 992).

Furthermore, we obtained that the maximum cffective temperature of the models
initially follows the incrcase of the mass accretion rate, but it stops to do so as the mass
accretion rate approaches 10--4 solar mass per year. A similar standstill in the cffective
ter nperature, for similar values of M, was obt ained for discs around pre-main scquence
stars (Popham et al. 1993). This 1‘csu1t§ ‘was believed to be due to both an increasc in
the boundary layer width and a larger stellar radius at high accretion rates (Popham ct
al. 1993). In our calculations the high accretion mass modecls and the low accretion mass
models were all computed with the same radius. In order to scc the effect of the radius on
the temperature, onc has to consider TaMc 1. The first set of results in Table 1 (models
1,5,31 and 2) show that the maximum effective teinperature is roughly proportional to
1 /ii?,. Clearly, in order to fit the observations, onc has to increase the radius of the
accreting star by a factor of 2-3 during outburst. The lack of increasc in the cffective
temperature is not sufficient to explain the obsecrvati ens.

An additional factor which should be taken into consideration is the cooling duc to
the vertical expansion of the disc, which is not fully {aken into account in the calculations,
since the equations arc not solved in the vertical dircction but only integrated vertically.

However, more physical insight can be obtained by comparing the boundary layer
luminosity and the accretion luminosity. Assuming a gecometrically thin disc, the boundary
layer luminosity can be given by (Kluzniak 1987): Lit = (1 -0, /Q2k+)?Lycc/2, where €, is
the angular rotation rate at the outer stellar envelop, Q g, is the Keplerian angular velocity
at onc stellar radius and Lg,.. = GM, M /R, is the accretion luminosity. In the present
case, this is a rough approximation, since the high accretion models have H/r = 0.4 and
a boundary layer of large radial extent. A compaii son between the expected boundary
layer luminosity Li* and the luminosity obtained from the calculations L§, = [ 2nrF,dr,
shows that at high accretion mass rates L, is significantly smaller than Li¥. Since a nom
flux boundary condition is used at the inner edge of the boundary layer, this energy is
advected across the inner boundary. The advected ‘flux’ of ciiergy is Fodv = vy-pe, Where
pe = 3RpT /211 + aT*. Intable 2 we show the rat ¢ of cucrgy which is advected across
the inner boundary ladv= 27 r2H F,4,, the expected boundar y luminosity L and the
boundary layer luminosity Lj, obtained in the calculations for the high accretion mass
rate models (23, 24 and 4, models for which L§, is significantly lower than Lj}). For M>
10--4 Mg /y, more than 30 percent of the energy dissipated in the boundary layer region °
is advected into the inner boundary, and only 2/3 is radiated vertically (similar results
were obtained for accretion discs around pre-main sequence stars with M = 10° Mg [y in
Godon 1995 b).In figure 4 we have drawn the advective flux of energy Faqg, (thick line)
and the radiative flux of encrgy F, (dotted linc)in the inner part of the disc for model
'24. The energy dissipated in the dynamical boundary layer region is radiated outward
(¥ > 0, since the mid-plane temperature 7, decreases monotonously outward) and is



responsile for the formation of a thermal boundary ayer of large radial extent and low
temperature. The energy advected inward is about 30 percent of the energy radiated
radially outward. The inner part of the disc is therefor ¢ partially dominated by advection.
In fact as expected in advection-domin ated discs (Narayan & Yi 1994 ), the inner part of
the disc is sub-Keplerian and H/r is of the order of onc.

Our one-dimensional zggn-each must be considered as a very rough approximation
when M = 10-4 Mg ly. In fact, advect ive accretion flows arc quasi-spherical (Begelman
& Meier 1982), and a two-dimensional approach might be nceded to resolve the accretion
problem. In addition, the accretion reaches the Eddington limit. Assuming an electron
scat tering opacity and a solar composition for the accretion flow leads to Loce/Lpiq =
800 x M (Mg [y)(R./Re) ™. With a stellar radius of 0.2Re, the Eddington limit for the
mass accretion rate becomes MEdd= 2.6 X 10-4 Mgy“ . Again, in this limit the flow
is quasi-spherical (Begelman & Meier 1982). Moreover, the fate of the advected energy
is not clecar. An interesting issue, however, is one in which the advected energy would
change the equilibriumn of the accreting star and induce an increasc of the stellar radius
(or at least an increase of the outer envelop of the star). As the mass accretion rate
incrcases from M ~10"°Mg/y up to 3 x 10 *Mg/y, the energy gained by the star
through accretion increases from ¢ = Ladv/Lace ~0.001up to ¢~ 0.12. Evolutionary
calculations of accreting stars (1°rialnik & Livio 1985) show that a 0.5Mg star with a deep
convective envelop is proned to increasc its radius after it has accreted a fow X 10-4 Mg
and when ¢ > 0.05 and M > 107 6 Mg /y. The increase of the stellar radius could explain
the dramatic fall of the temperature of the inner part of the disc (models 1,5,31 and 2

in Table 1), however the temperature and the luminosity of the acereting star arc also
increasing significantly asthe radius increascs.

Advective flows arc also susceptible to produce outflows (Narayan & Yi 1994), which
could interact with the accretion disc. Obviously, t hc physics involved in advective flows
is attractive since it scems that it could help to understand the behaviour of outburst in

symbiotic binaries, but it is far beyond the scope of the present one-dimensional calcula-
tions.
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FIGURE LEGENDS

Figure 1.. The maximum cffective temperat ure reached in the boundary layer region
as a function of the massaccretion rate. The temperaturc is given in units of 103K, and
the mass accretion rate is inlog(Mg/y). The accreting star has a mass of M, = 0.5Mg
and a radius I, = 0.2 . The temperaturce initially tracks the incrcase of mass accretion
rate, but it slightly drops close to the maximum.

Figure 2a. The cffective temperature (in Kelvin) in the inner part of the disc is
drawn as a function of the radius (in units of R, ), for model 3 (scc table 1).

Figure 2b. The vertical thickness of the disc H/r is drawn as a function of the
radius, for model 3.

Figure 2c. The angular veiocity §2(r)/Qx(r) is drawn as a function of the radius,
for modecl 3.

Figure 3a. The cflcctive temperature in the inner part of the disc for model 22.
Figure 3b. The vertical thickness fo the disc H/r for model 22.
Figure 3c. The angular velocity for model 22.

Figure 4. The advective ‘flux’ of ecnergy (full line) and the radiative flux of energy
(dotted-line) arc drawn as a function of the radius (in units of 12,) for model 24. Onc
third of the encrgy dissipated in the dynamical boundary layer is advected into the inner
boundary and only 2/3 contributes to the boundary layer luminosity.




TABLE 1
BOUNDARY LAYER MODELS FOR SYMBIOTIC BINARIES

i 2 3 4] [5]* © 8]

model M, R. M n sTh sgun TMer
(Mo) (Ro) (Mo /v) (R (f.) (R.) (10°K)

1 0.5 0.4 2.0x 105 0.17 0.30 0.10 Go
5 0.5 0.3 4.0 x 10-5 0.240.16 0.35 0.15 97
31 0.5 0.2 2.5 x105 0.25.0.16 0.50 0.10 120
2 0.5 0.2 4.0x 10" % 0.300.20 0.7(1 0.20 130
3 0.5 0.2 1. OX10-5 0.15.0.12 0.40 0.05 100
31 0.5 0.2 2.5 x 105 0.25-11.16 0.50 0.10 120
2 0.5 0.2 4.0 x107° 0.30-0.20 0.70 0.20 130
22 0.5 0.2 7.0 x 1075 0.35-(1.20 1.00 0.20 136
23 0.5 0.2 9.0 x 10”5 0.26 (1.20 0.70 0.20 126
24 0.5 0.2 1.8x 10" * 0.37-0.23 0.70 0.40 135
4 0.5 0.2 3.0 x 10-4 0.40-0.25 0.70 0.50 135
5 0.5 0.3 4.0x 10 ° 0.24-0.16 0.35 0.15 97
6 0.4 0.3 7.0 x10°°5 0.26-0.20 0.50 0.15 88
8 0.3 0.3 2.0x1075 0.18 0.40 0.10 69
7 0.3 0.3 2.0 x 10-4 0.40- 0.25 1.00 0.40 94

*In column 5, the first value correponds to I in the boundary layer region, the secondrefers to the region
of the disc directly ad'aic*nt to the boundary layer.
¢




TABLE?2
ADVECTIVE BOUNDARY LAYERS IN SYMBIOTIC BINARIES

T Y 3] T o (6]

model M Lace I'”(‘ L, Lade
(Mo/y) (103%erg) (IOaé)crg) (1036(‘l'g) (10%¢crg)
23 9.0 x 10-8 14.1 5.9 4.7 L
24 1.8 x 104 27 10.9 7.4 3.
4 3.0x 1074 45.3 18.4 12.4 5.6



Moximum effective temperature

Figure 1.

700

790

100

L] T I T J T ﬁl ¥ LI | LI l Ll T T T

1 TS N U WA N UE R U U S N B

~4-5 -4

Mass accretion rate

-3.5

-3



Figure 2a.

Effective Temperature

1.5%10° , R
10°
5% 101 TTe—
0 ! -
1 1.2 14 16




0.5

0.4

0.3

Figure 2b.

—————

H/r
L
N I TR S | _




0.5

Figure 2c.

Angular rotation

T T | T T T T I
{

1 | 1 | _L—-L [ S
1 1.2. 1.4 1.6 1.8



Figure 3a.

Effective Temperature

1.5X10°
105 :
5% 10
— )
0 ] — 1

1 1.5 2 2.5 3



0.5

0.4

0.1

Figure 3b.




Figure 3c.

e it et

—r--

7 T 7 T 1
1
0.5
O 1 1 I |
1 1.5

Angular rotation

Sr---l T Ty YT Y "r T T T T

IRy

l--J S EE T ST TV SRR BN SO T S
2 2.5
r




Figure 4.

1016

5X10"

-5x O15

Advection

and Diffusion of energy




